Objective To assess life expectancy in relation to cardiovascular risk factors recorded in middle age. Design Prospective cohort study. Setting Men employed in the civil service in London, England. Participants 18 863 men examined at entry in 1967-70 and followed for 38 years, of whom 13 501 died and 4811 were re-examined in 1997. Main outcome measures Life expectancy estimated in relation to fifths and dichotomous categories of risk factors (smoking, "low" or "high" blood pressure (≥140 mm Hg), and "low" or "high" cholesterol (≥5 mmol/ l)), and a risk score from these risk factors. Results At entry, 42% of the men were current smokers, 39% had high blood pressure, and 51% had high cholesterol. At the re-examination, about two thirds of the previously "current" smokers had quit smoking shortly after entry and the mean differences in levels of those with high and low levels of blood pressure and cholesterol were attenuated by two thirds. Compared with men without any baseline risk factors, the presence of all three risk factors at entry was associated with a 10 year shorter life expectancy from age 50 (23.7 v 33.3 years). Compared with men in the lowest 5% of a risk score based on smoking, diabetes, employment grade, and continuous levels of blood pressure, cholesterol concentration, and body mass index (BMI), men in the highest 5% had a 15 year shorter life expectancy from age 50 (20.2 v 35. 4 years). Conclusion Despite substantial changes in these risk factors over time, baseline differences in risk factors were associated with 10 to 15 year shorter life expectancy from age 50.
INTRODUCTION
Mortality rates from cardiovascular diseases in the United Kingdom have declined steadily since their peak levels in the early 1970s, 1 2 as have mortality rates from non-vascular causes, resulting in substantial improvements in life expectancy. These improvements are mainly attributable to population-wide changes in the three main cardiovascular risk factors (cigarette smoking, raised cholesterol concentration, and high blood pressure) and to better treatment of individuals with pre-existing vascular disease. [3] [4] [5] The Whitehall study of 19 019 male civil servants in London-who were aged 40-69 when first examined in 1967-70-was set up at the peak of the vascular disease epidemic in the UK to assess the importance of risk factors for prediction of coronary and vascular mortality. 6 7 The initial results were used by the late Geoffrey Rose to assess "high risk" and "population" approaches that have guided public health strategies for the prevention of cardiovascular disease. 8 After nearly 40 years of follow-up for cause specific mortality, the Whitehall study provides a rare opportunity to estimate the impact of differences in cardiovascular risk factors measured during middle age on life expectancy. We had three aims: to compare trends in vascular and non-vascular mortality in the Whitehall study with those in the UK population as a whole; to estimate life expectancy from age 50 in UK men in relation to single baseline measurements of the three main vascular risk factors (smoking, blood pressure, and cholesterol concentration), alone and in combination; and to estimate life expectancy in relation to a more accurate characterisation of cardiovascular risk factors, including, in addition to the three main cardiovascular risk factors, diabetes, body mass index (BMI), and employment grade.
METHODS

UK mortality trends
Annual cause specific UK mortality rates from 1950 to 2005 were obtained from the World Health Organization and standardised for the mean of the component five year age groups for deaths occurring at age 35-69 (middle age) and 70-79 (old age) (www.mortalityfroms moking.com). The age standardised mortality rates were estimated separately for vascular and non-vascular causes for men and women in these age groups.
Whitehall study population Data were collected from 19 019 men aged 40-69 who were working in the civil service in London when they were first examined between September 1967 and January 1970. 6 7 Participation in the study involved the completion of a questionnaire and a medical examination to record height, weight, and blood pressure; to undergo electrocardiography and lung function tests; and to have a blood sample collected for measurement of blood total cholesterol and glucose concentrations. The questionnaire included questions about symptoms, medical history, smoking habits, civil service employment grade, and marital status. Employment grades were categorised into three groups: administrative, professional, or executive; clerical; and other unskilled manual jobs. The employment grade of the 886 men who worked in the Diplomatic Service and British Council was not comparable with the rest of the study participants, and hence these men were excluded from any analyses of employment grade. At study entry, a trained study nurse measured blood pressure once in the left arm with the London School of Hygiene sphygmomanometer. The nurse recorded systolic blood pressure at the first appearance of the arterial flow sounds. Height (in shoes) and weight were measured and BMI (kg/m 2 ) calculated. Blood samples were collected from the ear lobe into 2 mm glass tubing. Blood total cholesterol concentration was measured with a Technicon method and blood glucose was measured by a ferricyanide reduction method. All participants (except those with self reported diabetes) had blood glucose measured two hours after drinking a dextrose drink. Those with a glucose concentration of 11.1 mmol/l or greater were classified as having newly diagnosed diabetes, and those with concentrations of 5.3-11.0 mmol/l were classified as having glucose intolerance.
Ascertainment of cause specific mortality Using the procedures of the Office for National Statistics, we traced and flagged the records of 18 863 men (99.2% of cohort members) and identified deaths up to 30 September 2005. Among the 13 501 who died, 11 317 (83.8%) deaths were coded according to ICD-8 (international classification of diseases, eighth revision), 831 (6.2%) according to ICD-9, and 1353 (10.0%) according to ICD-10. Deaths from cancer were classified into groups that have previously been shown 9 to be probably related to cigarette smoking (lung, stomach, pancreas, bladder, upper aerodigestive (including oesophagus), kidney, myeloid leukaemia, and liver) and a group for which this was regarded as unlikely. Only 43 deaths were of unknown cause, and these deaths contributed to analyses of total mortality but not to cause specific mortality.
Re-examination of surviving participants in old age After the success of a pilot study of the feasibility of contacting surviving participants in 1995, all 8448 surviving participants were invited to participate in another survey in 1997-8. 10 A postal questionnaire asked for details of any diagnoses of heart attack, angina, or stroke, medications taken in the past month, smoking status, and last known civil service employment grade. 11 The 7044 participants who responded (83%) were subsequently sent a blood collection kit and asked to attend their local surgery to have a blood sample collected and for blood pressure, height, and weight to be recorded. Non-fasting blood samples were obtained from 5434 men (77% of respondents), from which blood lipids were successfully measured for 5355 (98.5%). 12 We had complete data on blood pressure, blood cholesterol concentration, and BMI from both the initial and later survey for 4811 men.
Statistical analysis
We estimated cause specific death rates overall and separately by age at risk (50-59, 60-69, 70-79, and ≥80) and calendar period (1967-79, 1980-9, 1990-9, and 2000-5) . Follow-up before the age of 50 contributed only 79 deaths, and we excluded these deaths from all analyses. We estimated associations of age at risk and calendar period with mortality using Cox proportional hazards regression to estimate the hazard ratios associated with a 10 year increase in each of these exposures.
Cox regression was used to estimate the relevance of various baseline risk factors (blood pressure, cholesterol concentration, and BMI (by fifths of their distributions), smoking (never, ex-smoker, pipe/cigar only, current), employment grade, marital status, and glucose intolerance/diabetes (defined as self reported diabetes, newly diagnosed diabetes, or glucose intolerance) to vascular and non-vascular mortality, after adjustment for age at risk and calendar period. The few men with data missing for these characteristics were excluded from these, but not other, calculations. All cause mortality rates for each five year age at risk group were calculated for each level of each risk factor. By using standard life table methods, these age specific mortality rates were used to estimate life expectancy from age 50 (defined as the number of years one is expected to live having survived to age 50) and its standard error.
We dichotomised the three main cardiovascular risk factors: current smoker (yes/no); baseline blood pressure ("high" (systolic blood pressure ≥140 mm Hg) or "low") and baseline cholesterol concentration ("high" (≥5.0 mmol/l) or "low"). We then separately estimated vascular and non-vascular mortality and life expectancy from age 50 in each of the eight different combinations of these risk factors. Subsequently, we estimated mortality and life expectancy in relation to an all cause mortality risk score using the three main risk factors (with blood pressure and cholesterol concentration now considered as continuous variables and smoking categorised into four groups) and the three main risk factors with BMI (using both linear and quadratic terms 13 ), diabetes, and employment grade. The two risk scores were calculated for each individual with no missing values by using the coefficients obtained from Cox proportional hazard models of all cause mortality with the above variables. Hazard ratios and life expectancy were estimated by fifths of the distribution of risk score and, for the full risk model only, for the highest 5% compared with the lowest 5% of the distribution (to assess an even more extreme categorisation of these risk factors).
Finally, to assess the extent of variation within an individual in risk factors between middle and old age, we estimated the mean levels of risk factors recorded at the survey in 1997 for risk categories defined in 1970. Specifically, we compared the differences (d 1 ) between the mean blood pressure, cholesterol concentration, and BMI of those classified as "high" or "low" values at entry with the corresponding differences at the second survey (d 2 ) (the ratio d 2 /d 1 is then the regression dilution ratio over about a 28 year period). We repeated these analyses after excluding men who, at re-survey, reported a history of cardiovascular disease, diabetes mellitus, or cancer or use of medication to lower cholesterol concentration or blood pressure. All statistical analyses were conducted with SAS computer software.
RESULTS
Trends in vascular and non-vascular mortality rates in UK population
The figure shows the age standardised annual UK mortality rates for vascular and non-vascular causes of death at ages 35-69 between 1950 and 2005. Throughout this period, vascular mortality rates in middle age in men were about twice those in women, peaking in 1970 and declining linearly by about 2% a year in both sexes (or by almost 70% between 1970 and 2005). The proportion of deaths attributed to vascular disease in middle age also declined between 1970 and 2005, from about 50% to 30% in men and from 40% to 20% in women. The figure also shows age standardised mortality rates from vascular and non-vascular causes for men and women aged 70-79. For both sexes, the absolute mortality rates in old age were about fivefold greater than those in middle age. In old age, vascular mortality rates declined by about two thirds between 1950 and 2005 in both men and women, but non-vascular mortality rates declined to a much lesser extent in this age group. The proportion of deaths attributed to vascular disease in old age declined from about 60% in 1950 to less than 40% in 2005 for both men and women.
Trends in cause specific mortality rates in the Whitehall study Table 1 shows the age specific death rates and number of deaths from specific causes for men in each decade of age at risk. About a quarter of all deaths occurred before the age of 70. The median age at death was 76, and the median time to death 22 years. The proportion of deaths from vascular causes declined with age, ranging from 54% among those in their 50s to 45% among those aged ≥80. The overall mortality rate increased threefold for every 10 year increase in age (hazard ratio per 10 years older 2.95, 95% confidence interval 2.87 to 3.07), but mortality rates for stroke and respiratory disease increased over fourfold for every 10 year increase in age. Table 2 shows the distribution of deaths by calendar period over the 38 year follow-up and the age adjusted hazard ratios for specific causes of death per 10 year increase in calendar period. The secular reductions in vascular and non-vascular mortality rates observed in the Whitehall study were similar to those observed for the UK population as a whole (figure). After adjustment for age at risk, the decline in vascular mortality rates was more than twice that for non-vascular causes (hazard ratio per 10 year calendar period: 0.75 (0.73 to 0.79) for vascular causes and 0.89 (0.86 to 0.93) for non-vascular causes). The age adjusted mortality rates for cancers probably related to smoking declined by about 23% per 10 years, whereas those believed to be unrelated to smoking were unaltered (0.77 (0.72 to 0.82) v 1.03 (0.96 to1.11), respectively), illustrating the importance of cessation of smoking in this population. Comparison between levels of risk factors recorded in middle and old age Among the 7044 men who completed the questionnaire in 1997, 13% were current smokers (compared with 40% of all men in 1967-70) and 58% were ex-smokers. Of the ex-smokers, the mean age at quitting smoking was 52, an average of 26 years earlier (that is, shortly after entry into the study). In addition, of the men who had been cigarette smokers in 1967-70, just 29% were still current smokers at re-survey (indicating that over two thirds had quit, for some reason, during that time). Mean blood pressure, cholesterol concentration, and BMI were obtained for 4811 men at re-survey, of whom 1930 had no history of disease or medication to lower blood pressure or cholesterol concentration. The difference between mean levels of systolic blood pressure for men with "high" versus "low" blood pressure at baseline declined by over two thirds (30.6 v 8.3 mm Hg) between 1967-70 and 1997 in all men with available data (see table A on bmj.com). Similarly, the difference in mean levels between "high" and "low" cholesterol declined by over two thirds (1.86 v 0.49 mmol/l) over this period in all men (see table A on bmj.com). Differences in BMI between the obese and non-obese groups, however, declined to a lesser extent (9.9 v 5.6) over this period. Exclusion of men with previous disease or use of medication to lower blood pressure or cholesterol concentration did not materially alter the extent of the observed variability within individuals. Table 3 shows the prevalence of the major cardiovascular risk factors at entry and their relation with vascular and non-vascular mortality and life expectancy. In 1967-70, 7919 men (42%) reported that they were current cigarette smokers and 3502 (18%) reported that they had never smoked tobacco. After adjustment for age and calendar period, the hazard ratios associated with current smoking compared with never smoking were 1.57 (1.46 to 1.69) for vascular mortality and 2.07 (1.92 to 2.22) for non-vascular mortality. Current smoking defined at study entry was associated with an average 6.3 year difference in life expectancy at age 50 compared with non-smoking.
Cardiovascular risk factors and life expectancy
As the re-survey of survivors in 1997 indicated that about two thirds of smokers quit smoking within a few years after entry into the study, the observed effects of current smoking for cause specific mortality have probably been underestimated by about 50% (see appendix on bmj.com). Table 3 shows that the difference in life expectancy between the highest and lowest fifths of systolic blood pressure was 5.2 years. Even dichotomising blood pressure crudely into two categories, "high" versus "low" blood pressure (corresponding to a "usual" difference in systolic blood pressure of probably about 15 mm Hg (see table A on bmj.com) was associated with a hazard ratio of 1.64 (1.56 to 72) for vascular mortality, and 1.09 (1.04 to1.14) for non-vascular mortality and a 3.5 year shorter life expectancy (see table B on bmj.com). "High" cholesterol (corresponding to a "usual" difference in total cholesterol of probably about 0.9 mmol/l; see table A on bmj.com) was associated with a hazard ratio of 1.24 (1.18 to1.30) for vascular mortality, and a one year shorter life expectancy at age 50 (see table B on bmj.com). Table 3 shows that difference in life expectancy between the highest and lowest fifths of total cholesterol concentration was 1.9 years. Differences in upper and lower employment grades were associated with 5.4 year difference in life expectancy. Married men had a 2.2 year longer life expectancy than unmarried men (but this association was entirely explained by differences in the other risk factors). Glucose intolerance or diabetes mellitus at baseline (prevalence 6.9%) was associated with a 3.6 year shorter life expectancy at age 50.
Associations of life expectancy with combinations of cardiovascular risk factors Table 4 shows the effects of combinations of the three main risk factors for cause specific mortality and life expectancy. The hazard ratios for vascular mortality increased progressively with increasing number of cardiovascular risk factors when compared with men without any of them. Compared with the 17% of men without any baseline risk factors, men with all three risk factors (8.3%) in 1967-70 had a threefold higher vascular mortality rate, a twofold higher non-vascular mortality rate, and a 9.6 year shorter life expectancy from age 50 (23.7 v 33.3 years).
Associations of life expectancy with mortality risk scores Classification of men by fifths of a risk score based on four categories of smoking and continuous measures of blood pressure and cholesterol concentration was associated with a 9.3 year difference in life expectancy at age 50 (24.2 v 33.5 years) between the highest and lowest fifths (table 5) . Additional inclusion of glucose intolerance, employment grade, and BMI was associated with a 10.4 year difference in life expectancy at age 50 (23.6 v 34.0 years) between the highest and lowest fifths, and a 15.2 year difference (20.2 v 35.4 years) when the highest and lowest 5% of the distributions were compared (table 5) . DISCUSSION Despite the fact that during follow-up many men stopped smoking, and there was also substantial variation in other risk factors, the presence of all three cardiovascular risk factors (smoking, high blood pressure, and high cholesterol concentration) measured on a single occasion in middle age (even when crudely categorised) predicted a threefold higher rate of vascular mortality, a twofold higher rate of non-vascular mortality, and an almost 10 year shorter life expectancy from age 50 compared with none of the risk factors. Categorisation of study participants by fifths of a risk score involving the three main cardiovascular risk factors together with glucose intolerance, employment grade, and BMI was associated with a 10.4 year difference in life expectancy between those in the top compared with the bottom groups (23.6 v 34.0 years). More extreme classification of men into the highest 5% and the lowest 5% of a risk score that included all available risk factors was associated with a difference of 15.2 years in life expectancy from age 50.
Strengths and limitations
The present study has several strengths, including a prospective design, large sample size, availability of repeat measurements between middle and old age, prolonged duration of follow-up, a large number of deaths, and virtually complete mortality follow-up. The "healthy worker" effect of studying an employed cohort working in the civil service, however, accounted for longer life expectancies than in the general population, but this would have had little effect on comparisons of risk factors within the population studied. Furthermore, only men were enrolled in the study and blood lipid data were available only for total cholesterol concentration (rather than cholesterol fractions or apolipoproteins, which are much stronger predictors of vascular mortality than total cholesterol). 12 14 The effects of these factors on mortality might also have been slightly underestimated by the increased use of aspirin, statins, and blood pressure lowering drugs during follow-up (in 1997, 29% of resurvey participants were taking aspirin, 28% were taking blood pressure lowering drugs, but only 2% were taking statins).
In the UK, life expectancy at birth for men has increased from 69.3 in the early 1970s to 77.0 in 2005. In the Whitehall study, life expectancy at age 50 varied from 24.8 to 30.2 years between the lower and upper employment grades, whereas life expectancy at birth for UK men in the registrar general's classification scheme varied from 72.7 in grade V category to 80 in grade I category. 15 16 We found proportional improvements in cardiovascular and noncardiovascular mortality comparable with those observed for UK men over this period. The absolute life expectancy in the Whitehall study cohort, however, was greater than that observed for similar aged men living in England and Wales at this period (probably because of the "healthy worker" effect).
Comparisons with other studies Our results confirm that absolute cardiovascular death rates increase exponentially up to the 10th decade of life, similar to the pattern observed in the physicians' health study in the United States over the same period. 17 Moreover, our results showing the importance of smoking, cholesterol concentration, and blood pressure on life expectancy are concordant with those of the physicians' health study (which also found that smoking, hypertension, diabetes, and obesity accounted for most of the differences in survival to age 90 18 ). As the prevalence of smoking among men in the UK declined steadily between 1970 and 2004 (from about 44% to 26%), 16 our study will have underestimated the associations with persistent smoking compared with never smoking. The British doctors' study recorded smoking habits each decade over the age of 50 19 and found that current smokers who continued to smoke died on average about 10 years younger than lifelong non-smokers. Moreover, cessation of cigarette smoking at age 60, 50, 40, or 30 years, respectively added about 3, 6, 9, or 10 years of life expectancy that they otherwise would have lost if they continued to smoke. 19 
Conclusions and policy implications
Previous studies in the UK 4 20 and US 21 showed that about half of the reduction in coronary deaths between 1980 and 2000 could be attributable to reductions in major risk factors and about half to improvements in medical treatment of people with established vascular disease. Our results provide support for the public health policies aimed at achieving modest changes in major risk factors throughout the population to achieve improvements in life expectancy. 22 We have also shown that a greater proportion of older people in the UK are surviving to very old age. Continued public health strategies to lower mean levels of the three main cardiovascular risk factors, together with more intensive medical treatment for "high risk" subgroups, including use of medication to lower blood pressure 23 24 and cholesterol concentration, 25 that have proved efficacy could result in further improvements in life expectancy. 26 We thank Jill Boreham for producing the figure using data from the WHO mortality statistics for the UK (see www.deathsfromsmoking.org) and Richard Peto, Gary Whitlock, and Dave Leon for helpful comments on the text. Contributors: AF and MM supervised the study. RC coordinated the resurvey of surviving participants in Oxford. EB prepared the data for analysis. MJS carried out the statistical analysis of mortality in relation to the baseline data. JE carried out the statistical analysis of the re-survey data. RC and MJS drafted the report with contributions from all the authors. RC and MJS are guarantors. Funding: The Whitehall study was supported by the British Heart Foundation and Medical Research Council. JE and MJS are supported by the British Heart Foundation and MM by a MRC research professorship. All of the analyses were carried out independently of the sources of support. Competing interests: None declared. Ethical approval: Both the original survey and this study were approved by the ethics committees of the participating institutions. Participants provided consent to take part in the original survey in 1967-70. Surviving participants provided written consent to take part in the re-survey of survivors in 1997.
